The enzymes from hyperthermophiles are generally extremely thermostable and lose little or no activity during long periods under a variety conditions. This high stability is very attractive, in that it gives the enzymes potential for use in numerous bioprocesses. My research group has investigated this high stability from the viewpoint of the relationship between function and structure. In this review, I describe the molecular mechanism underlying the extreme stability of unboiled NAD-dependent glutamate dehydrogenase from the hyperthermophile Pyrobaculum islandicum. I also describe the activation of the inactive recombinant enzyme produced in mesophilic Escherichia coli from the viewpoint of the relationship between structure and activity.
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In various fields of biotechnology, enzymes have the potential to be highly useful owing to their high degrees of specificity and catalytic efficiency. Although more than 5,000 enzymes have been identified to date in numerous organisms, practical use of enzymes has been limited by the high cost of large-scale purification. Until the end of 1970s, two serious problems that contribute to the high cost of enzyme preparation stood in the way of more extensive application of enzymes: their instability and low productivity. To make the best use of the functionality of enzymes, my research group has for many years endeavored to develop approaches that overcome these obstacles through functional and structural analysis of extremozymes from thermophiles and through the use of genetic engineering for mass production of thermostable enzymes. 1) In addition, we have developed methods of analyzing the molecular mechanisms underlying the extreme thermostability of extremozymes and for the specific utilization of thermostable extremozymes. In this review, the functional and structural characteristics of NAD-dependent glutamate dehydrogenase (NAD-GDH) from a hyperthermophilic archaeon, Pyrobaculum islandicum (Pis), are described as a typical example of an unboiled extremozyme. In particular, I will emphasize the mechanisms underlying the enzyme's high thermostability, which reflects greater hydrophobic subunit-subunit interactions, and the novel model systems that enable one to visualize the relationship between the subunit arrangement and the activity of the oligomeric enzyme. I also address the mechanism by which inactive Pis-GDH produced in mesophilic Escherichia coli is activated.
I. Enzymological Characteristics of Unboiled GDHs from Hyperthermophiles
NAD(P)-GDHs belong to a group of amino acid dehydrogenases that catalyze the reversible oxidative deamination of amino acids to their corresponding oxo acids (Fig. 1) . 2) We began screening hyperthermophiles for extremely thermostable amino acid dehydrogenase in the 1990s, and the first enzyme we found was NADP-linked glutamate dehydrogenase (NADP-GDH, EC1.4.1.4), which we identified in three marine hyperthermophiles Pyrococcus (Pc.) furiosus, Pc. Woesei, 3) and Thermococcus (Tc) litoralis. 4) These GDHs are extremely thermostable, and the enzymes from the former two organisms lose no activity even at 100 C. In addition to NADP-GDHs, we found a different pyridine nucleotide cofactor-linked GDH, NAD-linked GDH (NAD-GDH, EC1.4.1.2), in a terrestrial hyperthermophile Pyrobaculum (Pb.) islandicum. 5) This enzyme (Pis-GDH) was the first NAD-specific GDH to be identified in a hyperthermophile, and did not show high sequence homology with Pc. furiosus (Pfu)-GDH (46%) or Tc. litoralis GDH (45%), whereas more than 79% sequence identity was detected among sequences of the hyperthermophilic GDHs from Pyrococcus and Thermococcus species.
6) Pis-GDH also lost no activity when Award Review incubated for 2 h at 100 C, and was more resistant to higher concentrations of organic solvents such as methanol and DMSO (dimethyl sulfoxide) than the NADP-GDHs from the three marine hyperthermophiles mentioned above (Table 1) . 6) In addition, after X-ray crystallographic analysis, Rice et al. reported that it is a marked strengthening of ion-pair networks that underlies the high thermostability of unboiled Pfu-GDH, as compared to NAD-GDH from the mesophile Clostridium synbiosum (Csm-GDH). 7, 8) This result had a strong impact, as it was the first example to provide an explanation of the extremely high thermostability of the enzyme at the molecular and atomic levels. In similar fashion, we determined the 3D structure of heatactivated Pis-GDH to investigate its high thermostability, but found a different mechanism for the thermostability of this hyperthermophilic GDH. Below I describe the molecular mechanism of the extremely high thermostability of Pis-GDH.
II. Three-Dimensional Structure Determination of Extremely Thermostable Pis-GDH
We were able to obtain good crystals of Pis-GDH and NAD-bound Pis-GDH, and to analyze the 3D structure of the NAD-bound enzyme (Fig. 2) . 9) When we looked at the overall structures of the hexamer and the subunit monomer, we found that in both cases the structures were similar to those of the hyperthermophilic Pfu-GDH and the mesophilic Csm-GDH which loses activity above 52 C. 10) In 1995, Yip et al. reported that Pfu-GDH contains much higher numbers of intra-and intersubunit ion-pairs formed between amino acid residues than Csm-GDH. 11, 12) In particular, three networks formed by ion pairs involving 18 residues, including cations such as Agr and Lys and anions such as Glu and Asp, were present in the intersubunit region of Pfu-GDH. Similar large ion-pair networks are not seen in Csm-GDH, where only 4-residue networks were observed (Table 2) . On the other hand, the solvent accessible surface areas of the monomer, hexamer, and interface of Pfu-GDH are only a little smaller than those of Csm-GDH, while the numbers of inter-and intrasubunit hydrogen bonds do not greatly differ between hyperthermophilic and mesophilic GDHs. In this context, Rice et al. proposed that it is strengthening of the intra-and intersubunit ion-pair networks that is mainly responsible for the higher thermostability of Pfu-GDH. Consistently with that, the thermostability of Themococcus kodakaraensis (Tko) GDH is reportedly elevated by increasing the ion-pair number by point mutation. 13) When we examined the same parameters in the structure of Pis-GDH, comparing them with those of hyperthermophilic Pfu-GDH and mesophilic Csm-GDH, 9) we were surprised to find that the numbers of intra-and intersubunit ion-pairs in Pis-GDH were much smaller in number than in Pfu-GDH or Csm-GDH (Table 2 ). In particular, the six intersubunit ion pairs in Pis-GDH are considerably fewer than the 36 ion pairs in Csm-GDH and the 54 in Pfu-GDH. In addition, a seven-residue network is the largest ion-pair network present in Pis-GDH, much smaller than the 18-residue network in Pfu-GDH. This means that the main factors supporting the high thermostability of Pis-GDH are not large ion-pair networks, as is the case for Pfu-GDH.
Hence looked for other properties in the structure, and we noted that the hydrophobic areas involved in the subunit-subunit interactions were much larger in Pis-GDH than Pfu-GDH. In fact, for the total hexameric structure of Pis-GDH, the hydrophobic area involved in the subunit interactions is more than twice as large as that in Pfu-GDH (Table 3 ). This suggests that even similar hyperthermophilic enzymes employ different strategies for hyperthermostability that probably reflect the different circumstances of the microorganisms. For example, Pc. furiosus and Pb. islandicum are marine and terrestrial archaeal strains, respectively. The intracellular salt concentration in Pb. islandicum is probably near the physiological saline concentration, whereas the concentration in Pc. furiosus is much higher, like that of a similar strain, Pc. woesei, in which the salt concentration is known to be about 0.8 M. 
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III. Mechanism of Activation of Inactive
Recombinant Pis-GDH Produced in Mesophilic E. coli Cells 1. Preparation of highly pure inactive recombinant Pis-GDH in E. coli cells 15) Expression vector pKGDH1, containing the pis-gdh gene, was constructed, 5) and then the gene in pKGDH1 was subcloned into pET11a vector to obtain a better producer. The DNA fragment containing pis-gdh was amplified by PCR using primers containing NdeI and BamHI restriction sites, and the PCR product was inserted into the NdeI and BamHI sites of pET11a, yielding pEGDH2. E. coli BL21 (DE3)-codon plus-RIL cells carrying the recombinant plasmid were grown at 37 C in LB medium containing ampicillin. After cultivation for 9 h, expression of the enzyme was induced by the addition of 1 mM IPTG, and cultivation was continued for an additional 3 h. The recombinant cells were then disrupted by sonication, and the inactive enzyme in the crude soluble fraction was carefully purified using conventional chromatography steps, as described in Table 4 . Note that the purification procedure for the inactive recombinant enzyme was carried out at below 4 C to prevent heat-induced activation of the enzyme. The purified enzyme showed a single band on SDS-PAGE and showed only extremely low activity. This was the first successful preparation of a pure inactive hyperthermophilic enzyme from E. coli cell extract.
Heat-and urea-induced activation of recombinant
Pis-GDH
15)
When the properties of the native and recombinant hyperthermophilic enzymes were compared, the majority of the hyperthermophilic enzymes expressed in E. coli retained all of the native enzyme's biochemical properties, including its thermostability, optimal pH, and optimal activity at high temperatures. For this reason, proteins isolated from hyperthermophiles are thought to fold properly, even at temperatures much lower (e.g., room temperature) than their physiological temperatures (80-100 C). On the other hand, over the last decade, there have been several reports that recombinant enzymes derived from hyperthermophiles and expressed in E. coli are not present in the same form as the corresponding native enzymes. A typical example is GDH derived from hyperthermophiles, which is expressed in E. coli as in inactive form that differs from the native enzyme (Table 5 ), but in vitro application of heat is sufficient to convert the inactive recombinant form to one more form similar to the active native form. This suggests that high temperature has a crucial effect on the folding, oligomerization, and subunit arrangement of hyperthermophilic GDHs.
Such heat-induced activation of an inactive recombinant enzyme was originally reported for Pfu-GDH in 1995. 16) In that case, the enzyme was expressed in E. coli as a mixture of monomeric (Mr: 50 kDa) and hexameric forms (300 kDa), but the inactive monomers in the solution assembled into the active hexameric form upon the application of heat. Similar heat-induced activation of hexameric GDH has been reported for the recombinant GDH from Tc. kodakaraensis (formerly Pyrococcus sp. KOD1). 17) Heating the enzyme at 90 C in vitro induced conversion of it from a low-activity form to a high-activity form, but the specific activity of the heat-activated enzyme was still not as high as that of the native enzyme. This suggests that additional factors are required for the full activation of Tc. kodakaraensis GDH. Although similar heat-induced structural conversion has been reported for several other thermostable proteins, including D-glyceraldehyde-3-phosphate dehydrogenase, 18) indolpyruvate ferredoxin oxidoreductase, 19) cyclodextrin gluconotransferase, 20) and sulfur oxygenase reductase, 21 ) the mechanisms of conversions Table 4 . Purification of Inactive Recombinant GDH from E. coli
Step Total Total Specific Yield protein activity activity non-heated non-heated non-heated (heated) 
are not well understood, particularly from the viewpoint of enzyme structure. To obtain more detailed information on the activation of Pis-GDH, we examined the structural changes that accompany activation of the inactive enzyme. 15) First we examined the subunit structure of inactive Pis-GDH. Unlike recombinant Pfu-GDH or Tko-GDH, recombinant Pis-GDH always exhibited a hexameric form (280 kDa), as indicated by the elution pattern on gel permeation chromatography (Fig. 4) . This suggests that the mechanism of heatinduced activation of recombinant Pis-GDH differs from the mechanisms underlying the activation of Pfu-and Tko-GDH. We also found that when the recombinant Pis-GDH in the fractions after gel-permeation chromatography was heated at 90 C for 20 min, only one activity peak, corresponding to a molecular mass of 280 kDa, appeared (Fig. 4) . Moreover, the recombinant enzyme migrated as a single band on SDS-PAGE, from which the molecular mass was calculated to be 47 kDa. Thus, like native Pis-GDH, the most active recombinant enzyme was a hexamer. 9) When we examined the temperature dependency of activation, an increase in the activity of the purified inactive Pis-GDH was observed above 70 C, and the maximum activity with incubation for 15 min, was achieved at 90 C (Fig. 5A ). In addition, when the inactive enzyme was incubated at 90 C, full activation was achieved within 10 to 15 min. The maximum activity was comparable to that seen with the native enzyme, and the K m values of the heatactivated enzyme for NAD and L-glutamate were similar to those of the native enzyme.
We also found that under our assay conditions native Pis-GDH was appreciably activated by exposure to 4-6 M urea. 5) Hence tested to determine whether urea would have a similar effect on the recombinant inactive enzyme. We found that when purified recombinant Pis-GDH was incubated with various concentrations of urea at 37 C in 50 mM Tris-HCl (pH 8.5), there was a substantial time-and concentration-dependent increase in catalytic activity. The maximum increase was obtained with incubation for 5 h in 5 M urea (Fig. 5B) . A similar activation curve was observed with 4 M urea, but 10 h were required to reach maximum. We removed the urea by dialyzing the activated enzyme for 24 h against 100 volumes of 50 mM Tris-HCl buffer (pH 8.5), and periodic assays of the enzyme activity revealed no substantial change. This clearly indicated that ureainduced activation of recombinant Pis-GDH is irreversible. Because the molecular mass (280 kDa by gel filtration) of the activated enzyme was the same before and after removal of urea, we examined the properties of the enzyme using the dialyzed protein. The specific activity of the 5 M urea-activated enzyme was roughly equivalent to those of the native and heat-activated forms (Table 1) , and its thermostability was similar to that of the native enzyme: full activity was retained after the protein was incubated for 10 min at temperatures ranging from 50 to 100 C. In addition, the kinetic parameters (V max for deamination of glutamate and K m values for NAD and L-glutamate) of the urea-activated enzyme were similar to those of the native and heatactivated enzymes.
Structural analysis accompanying heat-and ureainduced activation of Pis-GDH
Our next goal was to crystallize the inactive recombinant enzyme, which would enable us to clarify its 3D structure and to compare it with that of the active enzyme. Unfortunately, so far we have been unable to crystallize the inactive enzyme. Hence, as an alternative approach, we analyzed the structure of the inactive enzyme by small-angle X-ray scattering (SAXS). With the enzyme in aqueous solution, SAXS provides information on three parameters: the maximum dimen- Recombinant Pis-GDH was heated for 20 min at various temperatures, and then which the activity in the aliquot was assayed. Urea treatment entailed incubation for 5 h at 37 C. sion of the molecule (D max ), derived from the pðrÞ function; changes in the quaternary structure, derived from Kratky plots; 22) and the radius of gyration (R g,z ), derived from the slopes of Guinier plots. 23) Measurements were made using the optics and detector system for SAXS 24, 25) installed at beamline BL-10C of the 2.5 GeV storage ring at the Photon Factory (Tsukuba, Japan). A detailed description of the SAXS measurements is provided elsewhere. 26, 27) SAXS measurements were carried out with inactive and heat-activated recombinant Pis-GDHs, and the values obtained before and after activation are summarized in Table 6 . The radius of gyration, R g,z , reflects molecular shape and size, while D max gives the maximum particle dimension. In addition, the weight average molecular mass, M w,w , was estimated.
28) The R g,z values were determined to be 54.6 Å and 46.5 Å for the inactive and heat-activated enzymes, respectively. That the radius of gyration of the inactive enzyme was 8 Å larger than the activated form means that heat can cause the nascent recombinant Pis-GDH to undergo a change in its quaternary structure from a loose assembly of subunits to a much more compact one. Correspondingly, D max declined from 145 Å for the inactive enzyme to 124 Å for the heat-activated enzyme, confirming that heat causes the enzyme molecule to become substantially smaller. On the other hand, the values for M w,w were nearly unchanged (they were within the experimental error), clearly indicating that the molecular masses of the two proteins were unaffected by heat treatment, and were about the same as the molecular mass of hexameric Pis-GDH (280 kDa).
The time-dependent effects of heat-and urea-induced activation of recombinant Pis-GDH on the Guinier and Kratky plots were examined to clarify further the structural changes that occur during activation. With increases in the incubation time at 70 C, a marked reduction in R g,z was obtained from the Guinier plots, accompanied by the appearance of activity (Fig. 6) . Interestingly, there was a slight discrepancy between the rate of reduction in the molecular radius and the rate of increase in activity, which means that the reduction in molecular size occurred more rapidly than the formation of the functional active center. Similar time-dependent changes in molecular size and activity were also observed with activation induced by 5 M urea.
Low-resolution structures of inactive and heatactivated Pis-GDH
Although we analyzed the crystal structure of heatactivated Pis-GDH (PDB entry 1V9L), as explained above, the structure of the inactive recombinant enzyme remains unknown. Hence we modeled the low-resolution structure of the recombinant enzyme ab initio from the scattering curve using DAMMIN. 29) Several independent reconstructions were carried out by randomly approximating the initial packing radii of the dummy atoms (r o ¼ 0:3{0:4 nm) to compute the average and the most probable models. Uniqueness was confirmed by comparing the results of several independent reconstructions. Reproducibility was confirmed by calculating the scattering curve from the modeled structure using CRYSOL. 30) Because DAMMIN permits one to put symmetry restrictions on the solution, the low-resolution structure of heat-activated Pis-GDH was modeled by assuming 32-point symmetry, as for the crystal structure, 9) and fitted well to the crystal structure (Fig. 7A,  B) . The D max of the modeled structure (120 Å ) was greater than that of the crystal structure (106 Å ). In this regard, the crystal structure of Pis-GDH contained NAD, whereas the model was of the apo form without NAD. The D max of the heat-activated enzyme in the presence of NAD was 98.9 Å as measured by SAXS. Thus the difference in D max probably reflected the binding of NAD.
In contrast, the structure of the recombinant inactive enzyme was modeled ab initio, assuming either no 
15)
A, Crystal structure of heat-activated Pis-GDH with 32-point symmetry (PS). B, Low-resolution structure of the heat-activated enzyme with 32-point symmetry. C, Low-resolution structure of the recombinant enzyme with no symmetry. D, Low-resolution structure of the recombinant enzyme with 32-point symmetry. The upper row is the hexameric model viewed down the 3-fold axis. The lower row is the view down a 2-fold axis. The figure cited in reference 15 was modified in part.
symmetry or 32-point symmetry (Fig. 7C, D) . The structure of inactive Pis-GDH modeled using 32-point symmetry differed substantially from that of the heatactivated enzyme (compare the top rows of panels C and D of Fig. 7) , and appeared unlikely in terms of subunit construction. This suggests that the structure without symmetry is more feasible for the inactive enzyme, 31, 32) and that the inactive form has no internal symmetry, despite the same total number of subunits. Consequently, no subunit from one trimer was superimposed on the corresponding subunit of the other (Fig. 7C, D , upper row). Another structural feature of inactive Pis-GDH was that it was not cylindrical. It was instead more spread out, especially at the surface of the molecule (Fig. 7C, lower row) . This also suggests that the inactive enzyme is composed of a loose and improper arrangement of subunits.
Comparison of the hydrophobicity of the inactive recombinant Pis-GDH and the heat-activated enzyme
Next, we evaluated the relative hydrophobicity of the inactive recombinant protein as a function of 8-anilinonaphthalene sulfate (ANS) fluorescence intensity. When inactive Pis-GDH was incubated with ANS, the resulting fluorescence spectrum (excitation wavelength, 350 nm) exhibited intense emission with a maximum at 446 nm. In contrast, the fluorescence spectra of the ANS-modified native and heat-activated enzymes were nearly identical and far weaker than that of the inactive enzyme (Fig. 8) . This means that there was a greater number of exposed hydrophobic residues on the surface of the inactive enzyme than of the native or the heatactivated enzyme, and suggests that activation causes these hydrophobic residues to be moved to the interior of the oligomer. The presence of buried hydrophobic residues at the intersubunit interface in the crystal structure 9) of the active enzyme strongly suggests that the major source of stability against extremely high temperatures is the much stronger hydrophobic interaction of these residues. The crystal structures thus substantiate the notion that, upon heat activation, each subunit of the enzyme refolds and the hydrophobic residues on the surface move to the intersubunit interface.
6. Differential scanning calorimetry (DSC) and CD spectrum measurements during heat-induced activation and denaturation of inactive recombinant Pis-GDH DSC analyses, which provided thermodynamic parameters for the activation and denaturation of the recombinant enzyme, were carried out in sodium acetate buffer (pH 4.0) using a Nano-DSCII microcalorimeter linked to a Gateway personal computer because precipitation occurred during measurements at about pH 7.0, at which the SAXS analyses were performed. The DSC curves showed two typical reaction peaks corresponding to heat-induced activation and denaturation of the enzyme (Fig. 9) . That no change in excess heat capacity was observed upon reheating after the initial measurements confirmed that the heat-mediated process is irreversible. The middle points of the reaction were 70:2 AE 0:0 and 110:3 AE 0:0 C for activation and denaturation respectively. In addition, the enthalpy changes (ÁH) were 15:5 AE 0:1 and 1880 AE 22 kJ/mol, respectively, indicating that the enthalpy change for activation was much smaller (about 1/120) than that for denaturation. This is the first example showing an enthalpy change for activation of inactive enzyme by heat.
Next we examined the far-and near-UV CD spectra of the heat-activated and inactive recombinant enzymes (Fig. 10A ). Our finding that there was no significant difference in their CD spectra at pH 4.0 and 7.0, indicates that Pis-GDH assumed nearly the same conformation, including the subunit arrangement, irrespective of pH, though the exact electrostatic or thermodynamic quantities might differ between pH levels. Although the far-UV CD spectra, which reflect the secondary structure, did not differ between the two forms of Pis-GDH, a difference was observed between the near-UV CD spectra of the heat-activated and the inactive recombinant enzymes (Fig. 10B ). This indicates a change in the asymmetric environment of the aromatic residues buried in the interior of recombinant Pis-GDH. The side chains of the aromatic amino acid residues may be comparatively flexible in the inactive enzyme, but flexibility diminishes upon activation, suggesting that conversion from the loose inactive quaternary structure to the more compact active structure is accompanied by a small change in the tertiary structure. This is in contrast to the protein chain around the aromatic residues in Pc. horikoshii GDH, which becomes somewhat looser upon activation of the enzyme. 33) In addition, we assessed restriction digestion of the two forms of Pis-GDH using -chymotrypsin, which catalyzes the hydrolytic cleavage of peptide linkages at the C-terminal side of the phenylalanine and tyrosine residues. The SDS-PAGE patterns of the inactive enzyme after -chymotrypsin hydrolysis gave two bands with molecular masses of 25 and 18 kDa respectively (Fig. 11) . The N-terminal amino acid sequences of the two extracted proteins were determined to be TSKXXELWGN (the 25 kDa-band) and MERTG (the 18 kDa-band). Judging from the amino acid sequences, -chymotrypsin hydrolysis of inactive Pis-GDH occurred mainly between Phe172 and Thr173. On the other hand, the hydrolysis rate of active Pis-GDH was less than that of the inactive enzyme, which suggests that the Phe172 of inactive Pis-GDH is exposed to the solvent and moves to the interior of the subunit upon heat (or urea) activation. The Pis-GDH subunit contains both the substrate and the NAD binding domains (domains 1 and 2 respectively). Phe172 localizes to the side of the substrate binding domain to which the substrate binds, while the site of subunit-subunit interaction is situated on the opposite side of the domain and may also be responsible for arrangement of the quaternary structure (Fig. 12) .
Overall, the process of heat-induced activation of Pis-GDH expressed in E. coli can be summarized as follows: (i) the inactive enzyme is comprised of a loose and unstable arrangement of subunits that is perturbed by heat, causing the protein to settle into a tighter and more stable arrangement; (ii) during this process, hydrophobic residues on the surface are brought to the interior interface between subunits, where they promote hydrophobic association of the subunits within the oligomer. This strongly suggests that subunit rearrangement, that is a change in the quaternary structure of the hexameric recombinant Pis-GDH, is essential for activation of the enzyme.
IV. Conclusions
We identified and characterized a NAD-GDH from a terrestrial hyperthermophile, Pb. islandicum. The enzyme is extremely thermostable, losing no activity when incubated for 2 h at 100 C. In addition, it is activated by incubation with certain organic solvents and urea. We succeeded in determining the 3D structure of the The unstable, loose arrangement of hexameric subunits making up the inactive enzyme is perturbed by heat or urea causing it to settle into the stable, tight arrangement of the active enzyme. This entails movement of hydrophobic residues from the surface to the interior interface between the subunits. The figure cited in reference 15 was modified in part.
hexameric enzyme by X-ray crystallography. By comparing the 3D structures of Pis-GDH with those of GDHs from a marine hyperthermophile, Pc. furiosus, and a mesophile, C. symbiosum, we were able to determine that the main factor supporting the high thermostability of Pis-GDH is not large ion-pair networks, as is the case for hyperthermophilic Pfu-GDH. Instead, it is the much larger hydrophobic subunitsubunit interactions. This suggests that even similar hyperthermophilic enzymes utilize different strategies to achieve hyperthermostability. Another example in which similar hyperthermostable amino acid dehydrogenases use different strategies for thermostabilization is seen in L-aspartate dehydrogenase (L-ADH) from Archaeoglobus fulgidus 34) and Thermotoga maritime.
35)
Whereas a large number of inter-and intrasubunit ion pairs is responsible for the stability of A. fulgidus L-ADH, a large number of inter-and intrasubunit aromatic (hydrophobic) pairs stabilize the T. maritima enzyme. During the course of our study of Pis-GDH, we also found that the recombinant hyperthermophilic enzyme produced in mesophilic E. coli provides a very useful model system with which to examine the relationship between subunit rearrangement and the appearance of activity in an oligomeric enzyme. The recombinant enzyme was produced as a hexamer, like the native enzyme, but it was inactive. The inactive enzyme was activated by heating at temperatures above 70 C, which is the physiological growth temperature, or by addition of 5 M urea at 37 C. In addition, our SAXS measurements revealed a marked change in molecular size in going from the inactive form to the active form upon heat or urea treatment. In addition, other experimental data obtained from SAXS ab initio reconstruction, fluorescent measurements, and restriction degradation all confirmed the idea that the inactive enzyme is composed of a loose and unstable arrangement of subunits that is perturbed by heat or urea, causing the protein to settle into a tighter, more stable active arrangement (Fig. 13) . Furthermore, it can be inferred from the crystal structure of the active enzyme that during the heat-and urea-activation processes, hydrophobic residues on the surface are brought synchronously to the interior interface between subunits. These results represent the first description of the relation between the quaternary structure and the activation of an oligomeric protein. In the future, the results described here should be useful of understanding the mechanism for the formation and structural destruction of active oligoproteins.
